The photothermally modulated (PM) ferromagnetic resonance (FMR) combines the high sensitivity of conventional FMR and the spatial resolution of thermal waves. For the first time, this alternative FMR-technique was applied to the magnetic characterization of high-quality thin Fe (001) films epitaxially grown on (001) GaAs substrate: Images of the distribution of crystalline anisotropy constant KI and the magnetization M were determined from the locally resolved FMR spectra.
INTRODUCTION
Thin metallic films and superlattices have become one of the major fields of research in magnetism. Molecular beam epitaxy offers the opportunity to design magnetic systems with new properties being of interest for both applied and basic research [1, 2] . The magnetic behaviour of the films above all depends on the magnetic anisotropy and the exchange interaction which can be investigated very precisely by the conventional ferromagnetic resonance (FMR) technique [3, 4] . The FMR measures the precession amplitude of the magnetization M in an effective internal magnetic field BeF This field is composed of the external magnetic field Bo, the demagnetizing field and different anisotropy fields. A semiclassical description of FMR is given by the Landau-Lifshitz equation of motion for M [S] . Most frequently, in FMR measurements, the magnetic field value B. of the resonance line is studied as a fbnction of the external field orientation. In addition, other parameters such as the width, the shape or the intensity of the resonance line contain some relevant information. Broad line widths or strongly asymmetric line shapes can often be taken as indication of inhomogeneities or considerable strains in the films. However, the conventional FMR only yields information on the absorption of the incident microwave power iiltegmted over the sample volume. The lack of spatial resolution can be overcome by the photothermally modulated (PM-) FMR. Here, the field modulation of the conventional FMR detection is replaced by a temperature modulation caused by an intensity modulated laser beam directed onto the sample [6-81. The resonance absorption of microwaves in general depends on the sample temperature T. Thus, the temperature oscillations due to the periodical heating with the laser beam give rise to an ac-contribution to the absorbed microwave power which can be detected synchronously. Lateral resolution is achieved by focusing the laser and scanning the sample. A depth resolution is obtained by making use of the modulation frequency dependent changes in the thermal diffusion length, i. e. the penetration depth of the thermal waves generated in the sample. The possibility of obtaining spatially resolved information with PM-FMR has been used to study various systems such as magnetic tapes, polycrystalline metallic films [9, 7] , and magnetostatic modes in yttrium iron garnet [10,8,1 l].
In this paper, we report on the application of the PM-FMR to single crystalline metallic thin films of Fe (20 nm) grown on a GaAs substrate. The signal generation process is discussed and it will be shown that the PM-FMR can be used to obtain images of magnetic properties of epitaxial films such as crystalline anisotropy constant K ] and magnetization M. Besides the magnetic properties of the sample, the experiment also yields information on the electronic properties of the semiconducting substrate material [ l l].
EXPERIMENT
The experimental setup consists of a modified conventional FMR spectrometer working at X-band frequencies around 9.2 G&. The external magnetic field B. can be varied up to 2.56 T. For the PM-FMR technique a light-access cylindrical TEol! microwave cavity is used. This allows a 21 mW HeNe laser beam to be focussed onto the sample whlch is placed in the centre of the cavity with the [l 101-direction being parallel to the external magnetic field Bo. The lateral extent of the area where the microwave resonance absorption Pabs is modified by the thermal wave is determined by the diameter of the focal spot (20 pm) and the modulation frequency (v,,,,~) dependent thermal diffusion length of the sample (3 pm at vmod = 800 kHz). Even for the highest modulation frequencies used in the experiments shown here, the sample is thermally thin (1.7 pm at v,,,,d = 2.5 MHz). Therefore, no depth resolved information is expected when changing vmod within the accessible frequency range. The PM-FMR signal is detected with the electronic circuitry of the conventional spectrometer replacing the field modulation of conventional FMR with the temperature modulation due to the localized laser heating. For a more detailed description of the experimental setup the reader is referred to [10, 8] .
The measurements were carried out on a 20 nm thick, 3 mm 0 (001) Fe film epitaxially grown on GaAs substrate. For details of the sample preparation and the sample structure see Ref. [2, 4] . PM-FMR spectra at vmod = 800 kHz have been recorded with the laser beam scanning 18 by 18 positions on a grid of 2.8 X 2.88 mm2. As the inhomogeneities to be detected can be observed on a larger scale than the one defined by the spatial resolution of 30 pm the step width has been chosen large compared to this value in order to reduce the measurement time. Whereas the conventional field modulation FMR signal is proportional to the field derivative of the imaginary part of the high-frequency susceptibility X", in the PM-FMR technique the field modulation is replaced by a temperature modulation. As x"(T) = x"(M(T), K1(T), ...) is a function of several temperature dependent quantities, using the lock-in technique one measures the first Fourier component of X" weighted with the temperature distribution inside the sample (S) thus resulting in a lateral resolution [S] :
RESULTS AND DISCUSSION
In the case of the investigated epitaxial Fe-film the temperature dependence of KI yields the main contribution to SpF As the temperature coefficient of this quantity is negative, the PM-FMR lines as a function of B. start w~t h negative slopes first. Frequency dependent PM measurements have been conducted from 10 Hz to 2.5 MHz. In the whole range, the signal exhibits a w1I2 dependence as expected for a thermally thin sample. Figs. l c and Id display the lateral variation for M and K1 obtained from the PM-FMR mapping. Fig. lb shows the lateral dependence of the background signal which is attributed to the electronic properties of the semiconducting substrate [13] . A comparison of these images indicate large deviations in the electric and n~agnetic parameters within an area of approx. 640 X 800 pm2 near the coordinates x = 0 pm, y = -1440 pm. However, the maximum deviations of the magnetic parameters from their respective mean values in that area are quite small (+3.0% for M; +3.8% for KI) demonstrating the high sensitivity of the technique. In the remaining part of the sample only minor changes are observed which are less than 1% for both M and K]. The experimental uncertainties of these magnetic parameters are of the same order or magnitude. 
CONCLUSIONS
In this paper the PM-FMR technique has been successfully applied to the local detection of FMR in thin epitaxial Fe films. For the first time, an imaging of the magnetization M and the crystalline anisotropy constant KI is presented. The spatially resolved results, not accessible to the conventional FMR technique, confirm the high quality of our samples. The averaged values of the PM data are consistent with the values obtained from an extensive conventional angle dependent FMR study on the same sample, published somewhere else [l 21 .
